indicators developed for efficient detection of bearing defaults in high speed synchronous machines using a stator current analysis. These actuators are used in an air conditioning fan for aeronautic applications. The signatures of the bearing defects appear through an increase in amplitude of specific current harmonics multiples of the rotation frequency. From an experimental comparison between a healthy fan and another with damaged bearings, an automatic frequency selection is performed to identify the frequency ranges for which the energy is the most sensitive to the considered faults.
INTRODUCTION
In recent years, monitoring has become an important industrial research area in topics related to safety and reliability. Ball bearing defects are among the elements of greatest occurrence (40% of machine failure) according to [1] . The bearing failure could lead to critical events such as abnormal temperature or vibration level, rotor locking, stator friction,… Consequently, the manufacturers show a great concern about the bearings state of health in order to guarantee the availability and the predictive maintenance of an actuator. Traditionally, bearing fault detection uses vibration analyses [2] [3][4] [5] . The characteristic frequencies of the vibration s p e c t r u m c o u l d b e u s e d t o p o i n t o u t a b e a r i n g damage. This solution could be expensive, consequently instead of using the vibration measurements, the stator current signal has been successfully investigated [6] [7] [8] .
Several techniques based on the stator current spectrum analysis have been studied over time by authors. A list of these techniques is reviewed in [9] . These applications are mainly dedicated to the induction machines. However, a few work deals with bearing fault detection in permanent magnet machines [10] [11] .
Researches presented in this paper are focused on bearing fault detection for a high speed permanent magnet machine belonging to an air conditioning fan used in aeronautic. The classical stator current signatures related to the vibration bearing frequencies are not suitable for such applications due to their low level. Nevertheless, some frequencies multiple of the rotation frequency in the stator current spectrum seem to be sensitive to the considered faults. An original statistical research is then performed to automatically identify the frequencies for which these current harmonics present the most significant variations between healthy and faulty cases.
Then, some indicators are proposed to highlight the occurrence of defects in the bearing. This work is part of the French national project PREMEP [12] (PRojEt Moteur Electronique de Pilotage), labelled by the Aerospace Valley cluster and involving the LAPLACE and Airbus suppliers such as Technofan, Liebherr Aerospace, CIRTEM, DELTY and ADN.
II.
SYSTEM DESCRIPTION As previously mentioned, the studied system is an air conditioning fan based with a high-speed permanent magnet synchronous machine, cf Fig. 1 . Fig.1 . Picture of the whole fan PMSM has sinusoidal back electromotive forces but is supplied by a PWM inverter operating sequentially to provide 120° square wave currents in the three phases of the machine, according to Fig.2 . This kind of control does not need any accurate position sensor such as resolver. Figure 3 shows the whole system in its industrial test bench. The acquisition system is a PowerDNA Ethernet system PPC8 with 3x4 18-bit analog inputs DNA-AI-205 (http://www.ueidaq.com/dna-ppc8-1g.html). The system samples signals at 200 kHz for 4 seconds each time the acquisition procedure is initiated. The data is stored in text format using LABVIEW, and then converted to MATLAB format for usage. (Table I) . These harmonic components are related to the supply conditions, whatever the bearing damage, and will be therefore excluded during the statistical research [13] . As shown in Fig. 5 , the stator current spectrum indicates an energy increase for harmonics multiple of the mechanical rotation frequency in the faulty case. Thus, our approach is to scan all these frequencies and to select those who react in presence of default in different operating conditions. FAULT SIGNATURE
In the field of bearing fault detection, a lot of researches investigate the vibration signals [2] [4] [3] . However, since the implementation of these sensors is rather difficult and could be expensive, an alternative idea is to extract the default signatures from the current signals, using only the embedded current sensors already used for control purposes.
Rolling element bearing includes four classic parts: cage, balls, inner and outer races. The signature of failure appears in the vibration signals at frequencies known as characteristic frequencies [14] of the rolling elements, listed below (1) The air gap eccentricity or the load torque oscillations caused by the default produces anomalies in the air gap flux density [15] . These phenomena induce additional components in the current spectrum; the multiple of the fundamental current could be modulated by one of the characteristic frequency [7] . For ex., Fig. 6 shows extra harmonics at 5 ± in the faulty case. However, the related 
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Frequency (Hz) pick amplitude is close to the noise level and using this signature for the detection is difficult. Fig.6 . FFT of the stator current at specific frequency However, a more significant increase of frequency components with modulation related to the rotation frequency can be noticed (5 ± for example). This can be explained by the appearance of a speed modulation caused by misplacing of the grease in the rolling element. Moreover, this frequency can be seen as a multiple of the rotation frequency since the fundamental stator current frequency is a multiple of the rotation frequency. Consequently, the proposed experimentally based approach is to automatically find among the components at (excluding frequency families in Table I ) those that present the highest sensitivity to the investigated bearing defaults.
IV. CONSTRUCTION OF THE DEGRADATION INDICATOR
The chosen indicator must fit several criteria:
· Good separation healthy / faulty machines, · Good separation between different types of failures, that means, the ability of the indicator to establish degrees of criticality for the considered defects, · Good reproducibility of detection for different recordings of the stator current, · Good robustness of the indicator vs the operating speed and the load level.
As previously mentioned, the first step will be to determine frequency families including all the frequencies which are the most sensitive to the studied defects. Once these families are identified, an indicator will be proposed by calculating the accumulation of energy around the frequencies included in the family. After studying different type on indicator as those shown in [16] , the complete construction process of the indicator is summarized i n F i g . 6 w h e r e i s t h e t i m e s p a n f o r o n e observation, is the sampling frequency and is the scanning frequency. It is important to notice that this analysis is only performed in steady state (the fan speed in normal operation is generally constant).
V. STATISTICAL RESEARCH FREQUENCY
The construction of an indicator capable of detecting the presence of failures requires a frequency selection. Among the studied frequencies, only the multiples of with higher power in faulty cases are taken into account. The method for determining the suitable frequency families is to scan the frequencies at .
(excluding the frequency families in Table I ) and to select those that lead to the best separation healthy/faulty cases. The research is based on experimental data obtained from stator current measurements on healthy and faulty machines. A difference of relative energy expressed in (5) , between the energy in healthy case Eh and the energy in failure case E f , is calculated on multiples of the mechanical rotor frequency .
, only the multiples of r f l e a d i n g t o a n e g a t i v e v a l u e a r e s t o r e d , i . e . t h e frequencies with a higher energy in faulty machines. 
. This approach allows taking into account the reproducibility of the frequency families extracted by this statistical approach. The robustness of the indicator algorithm subsequently proposed will strongly depend on this point. The intersection of these families gives the selected family for the global observation. Fig. 8 describes our approach.
Fig.8. Construction of frequency families
Once these families are selected, the indicator is applied to the selected family for the specified type of bearing default (Cf Figure 6 for the details about the indicator computation). 
It is easy to verify that the selected frequency families do not include the PWM and the current harmonics from Table I .
VI. RESULTS AND DISCUSSION
This part is organized as follows. The first part contains the experimental results from a healthy machine compared with two faulty machines with different kinds of bearing faults. The aim is to study if the selection of the frequency families is sensitive to the kind of default. In the second part, a machine has been study during a long life cycle. The objective was to identify the origin of these frequencies and select a frequency family for the best detection of the default. To illustrate the effectiveness of our method, several indicators are constructed according to the process described in Fig. 7 , from families previously identified. The results include tests at different load levels (air handling charge is imposed by diaphragms of different diameters), and different operating speeds (10 000, 12 000 and 14 100 rpm). This process is repeated for each faulty machine and . Thus, two frequency families and are identified as sensitive to the defaults in each of the considered machine. It can be noticed that the most sensitive frequency families are not the same for different types of defaults. As mentioned before, every observation is divided into 5 slices and the indicator is applied to every slice leading to different values. Figure 9 and 10 present the cumulative sum extracted from the frequency families and . Only the final value of the cumulative sum can be considered as the significant indicator value. It is important to point out that the indicators can independently produce in all cases, a very good separation between healthy and faulty machines. From these figures, it is important to notice that a sampling frequency of 20 kHz is good enough to obtain satisfying results. The intersection of families and leads to a global family F G which is sensitive to both types of studied defaults. Let us recall that an experimental approach based on an automatic frequency selection was chosen, because the defects can be of different nature and possibly coupled. Applying now the indicator calculated with family we observe in Fig. 11 and Fig.12 that whatever the type of fault, the detection of degradation of the bearings is ensured.
A. Experimental results from healthy machine and faulty machines
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B. Long time experimental results from a faulty
machine This part will try to identify the origin of the characteristic frequencies and select the family that leads to an early detection. We are interested in studying the machine m 116 where the default seems closer to a realistic one. A new healthy machine is studied for several days. Then the healthy bearing is replaced by a faulty one with heated grease and fractured cage in order to emulate an accelerated ageing. The current signals are sampled and studied until the complete failure of the machine few days later. The automatic research frequency is then applied to select the frequency families which are sensitive to the default. From different speed rates, the statistical analysis results underline the occurrence of a specific family defined by [2, 4, 14, 16, 20] . (only the first 20 multiples of the rotation frequency have been included). This frequency family can be generalized and re-written by taking into account the modulation of the current harmonics by the mechanical rotation frequency as shown in (9) = (6 ± 1) ± (9) Figure 13 and Fig.14 show the values of the indicator applied for family F c for two operating speeds of 14 100 rpm and 12 000 rpm at a 10 kHz sampling frequency for one phase current. Only the last value of the cumulated indicator for each record is presented. Table II shows the mean value of the indicator in healthy, faulty and last 2 days of simulation. The same type of indicator is applied on the dc inverter supply current and the results are shown in Fig. 15 . Applying the statistical frequency research to this inverter current, leads to the family [1, 5, 7, 17, 19] .
which includes different frequencies from those of the phase currents. As shown in Fig. 15 the indicator applied to the inverter current clearly allows the detection of the bearing damage. We can also notice strong variations as soon as the faulty measurements began. This reaction is the result of the shifting of a metallic circlip, cf Fig. 16 , after the bearing change. This damage is an unwanted phenomenon because it is not related to the bearing. However, it is interesting to observe that the stator current based indicator has not been able to detect it. This analysis underlines the fact that it is possible to take advantages of the inverter current for the detection of mechanical failure other than bearing damages. This frequency family F I can be generalized and re-written by modulating family F C the stator frequency as in (10) . (10) VII.
CONCLUSION Using a statistical analysis of an experimental set of data, the proposed approach has shown that it was possible to determine the harmonics in the stator current spectrum having the higher sensitivity to a bearing damage. Based only on an a priori knowledge of the theoretical harmonics, the indicator would not have been enough efficient. The proposed automatic frequency selection has been proved to be relevant.
The indicator was then applied to different measurements of three stator currents and to the inverter current. The results provide good separation for all measured signals between healthy and faulty cases. Moreover, through an accelerating ageing process, the ability of the indicator to detect the fault occurrence before the bearing death has been demonstrated. In addition, other type of mechanical failure (shifting of a keeper-in metallic piece) can also be detected using the inverter current. Future work should concentrate on this point. Although the results of the algorithm show that the frequency families could be speed and default type dependant, it is possible to find suitable frequencies for detection. In future works, the frequency family research algorithm will be improved for more robustness versus the type of default and ac network variations.
VIII.
